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The 1.8-1.6 Ga rocks of the western United States were formed through 
accretionary tectonics either by collision of juvenile island-arcs or by cycles of extension-
accretion.  For the juvenile island-arc model, basins between the arcs are expected to be 
older than the arcs and long periods of time (>10-20 Myr) may exist between basin 
formation, arc formation, and the deformation caused by their accretion.  In contrast, the 
extension-accretion model predicts sedimentation within extensional basins must be 
younger than the earliest arcs and may be deformed by accretion shortly (~10-20 Myr) 
after formation.  The Big Thompson Canyon area, between Loveland and Estes Park, CO, 
was formed during 1.8-1.6 Ga accretionary orogenesis.  Therefore, constraining the 
timing of sedimentation and deformation in this area offers an opportunity to investigate 
how accretionary orogens operate and which model best applies to the region. 
Four main lithologies exist within the central Big Thompson Canyon area.  These 
include metasedimentary knotted schist and quartzite, both intruded by granitic pegmatite 
and tonalite.  The maximum age of deposition of the schist and quartzite protolith has 
been constrained by Laser Ablation Inductively Coupled Plasma Mass Spectrometry of 
detrital zircons to 1751±44 Ma, in agreement with previous studies.  Two deformation 




 iv  
dip and is essentially parallel to relict bedding.  Intrusion of pegmatite and tonalitic rocks 
occurred before or during the first deformation as these rocks exhibit a foliation, folding, 
tension gashes, and boudinage associated with this first deformation event.  The second 
deformation event is recorded by all rocks as a foliation with a NW strike and SW dip 
and folding of older features.  Zircon constrains the age of tonalite intrusion to 1742±15 
Ma.  Microstructural analysis of monazite in a schist indicates that the grains have grown 
cores and rims parallel to the first deformation.  Electron microprobe dating of the 
monazite give an average core and rim age of 1723.1±4.0 Ma.  These ages, with errors, 
support the timing of the first deformation occurring shortly after the tonalite intrusion.  
The data collected indicates that there is a ~10-20 Myr time frame between 
sediment deposition, closing of the basin, intrusive activity, and subsequent deformation 
in the Big Thompson Canyon area.  This ~10-20 Myr constraint fits the proposed 
duration of events for the extension-accretion model.  Published geochemical analysis has 
shown that the Green Mountain arc to the north and the Salida-Gunnison arc to the south 
may be related, which could be explained by the arcs forming together and subsequently 
rifting via slab-rollback.  Though, arguments can be made in support of the juvenile 
island-arc accretion model and further research is necessary, this study concludes that 
data and previous studies suggest the extension-accretion model best explains the 
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 Accretionary orogens form through subduction zone processes, lack major 
continental-continental collision, and result in the creation of continental crust (Collins, 
2002b; Coney, 1987, 1992).  There are two models for how accretionary orogens can 
form.  One model describes accretionary orogens forming by juvenile island-arc accretion 
where young, newly formed (juvenile) island-arcs collide to build the orogen (Figure 1; 
Karlstrom et al., 2007; Whitmeyer and Karlstrom, 2007).  Collisions can take place with 
other juvenile island-arcs, continental arcs, or previously formed continental crust.  The 
juvenile island-arc accretion model may result in long periods of time (>10-20 Myr) 
between basin formation, arc formation, accretion, and subsequent deformation.  Calc-
alkaline magmatism is also commonly found within the orogen (Karlstrom et al., 2007; 
Whitmeyer and Karlstrom, 2007).  With this model, the basins between arcs are expected 
to be older than the newly formed island-arcs, and therefore, no older basement material 


















The second accretionary orogen model includes cycles of arc formation, 
extension, and accretion of this material (Figure 2; Collins, 2002a, b; Bickford and Hill, 
2007).  The extension-accretion model, also called tectonic switching (Collins, 2002a), 
may have pre-orogen (non-juvenile) crust in the orogen (Hill and Bickford, 2001).  
Additionally, short periods of extension that occur prior to accretion (~20 Ma; Collins, 
2002b) can result in bimodal volcanism (basalt with rhyolite) (Collins, 2002a; Collins, 
2002b; Bickford and Hill, 2007).  In this model, basins that open during the extension  
 
 
Figure 1. Juvenile island-arc accretion model (simplified from Winter, 2010; after 
Passchier and Trouw, 2005).  Stage 1: an accretionary wedge and juvenile island-arc 
form.  Stage 2: the accretionary wedge and juvenile island arc begin to move towards 
the continental arc while the basin collapses in between.  Stage 3: Juvenile island-arc 




phase will be younger than earliest arcs formed, and the basins will be deformed 
relatively quickly after formation (~20 Ma; Collins, 2002b). 
Extensional backarc basins, formed during the extension phase of the extension-
accretion model, commonly form due to slab-rollback, also called trench rollback or 
trench retreat (Sdrolias and Müller, 2006; Nakakuki and Mura, 2013).  This is caused by 
a steepening subduction angle, which results in the trench and hinge moving away from 
arc.  As a result, the overriding plate will extend in order to accommodate for the 
opposite movement of the subducting slab.  When slab-rollback ends, extension will end 
and the backarc basin will close.  Slab-rollback can end due to several tectonic changes 
(Nakakuki and Mursa, 2013; Collins, 2002a; Collins, 2002b).  The first is by changing 
the angle of the subducting slab.  The angle could return to a normal subduction angle or 
it could become a flat-slab subduction.  Flat-slab subduction will result in closure of the 
backarc basin and accretion of material.  Second, subduction could end due to collision 
Figure 2. Extension-accretion model (simplified after Collins, 2002a). (A, B) Slab-
rollback causes extension and formation of an extensional back-arc basin. (C) 
Localized, short-lived (<10 Ma) orogenic belt develops due to flat-slab subduction. 





of, for example, a continental arc.  The last is subduction polarity reversal or a subduction 
switch (Collins, 2002a; Collins, 2002b).  This is where the two plates switch roles by the 
subducting plate becoming the overriding plate and the overriding plate beginning to 
subduct.  This will result in the end of extension, closure of the backarc basin, and 
commencement of accretion. 
The Paleoproterozoic rocks of the western United States were formed by 
accretionary orogenesis (Karlstrom et al., 2007; Whitmeyer and Karlstrom, 2007), 
including juvenile island-arc collisions during the Yavapai (1.80-1.70 Ga) and Mazatzal 
Orogenies (1.65-1.60 Ga) (Whitmeyer and Karlstrom, 2007) (Figure 3a).  However, some 
argue that the juvenile island-arc model is too simple and doesn’t account for the 
presence of bimodal volcanism or for older, Archean-to-early-Proterozoic (2.52-2.00 Ga) 
and Trans-Hudson-Penokean (1.88-1.81 Ga) aged crust thought to be present (Collins, 
2002a, b; Bickford and Hill, 2007; Hill and Bickford, 2001). 
The Big Thompson Canyon, an area between Loveland and Estes Park, CO, is 
part of the Front Range of northern Colorado and the Paleoproterozoic province of the 
western U.S. (Figure 3).  The timing between basin formation, arc formation, and 
subsequent deformation is unknown to any reasonable precision in many parts of the 
Front Range.  Therefore, potentially one way to help distinguish between the two 
accretionary tectonic models was to obtain high quality constrains on the timing of 
deformation relative to basin formation.  Thus, the Big Thompson Canyon area should 






Figure 3. (A) Map of exposed Proterozoic rocks in the southwestern United States 
with provinces and shear zones (simplified from Mahan et al., 2013; figure modified 
after Karlstrom and Williams, 2006).  (B) Simplified geologic map of Proterozoic 
exposures in the Front Range (from Mahan et al., 2013; figure modified after Tweto, 
1979).  (C) Geologic map of the Big Thompson Canyon area with black box 
indicating specific field area for this study (simplified from Mahan et al., 2013; figure 





The accretion of terranes in Colorado began with the Green Mountain arc 
colliding onto the present-day southern edge of the Archean-aged Wyoming craton 
during the Medicine Bow Orogeny (1780-1774 Ma) (Condie, 1982; Reed et al., 1987; 
Bowring and Karlstrom, 1990; Chamberlain, 1998; Jones et al., 2010).  The resulting 
suture is recognized as the Cheyenne Belt.  The ca. 1780 Ma Green Mountain arc (Reed 
et al., 1987; Tyson et al., 2002; Jones et al., 2011) (Figure 3a) is commonly thought to be 
an oceanic juvenile island arc (Condie, 1982; Reed et al., 1987; Whitmeyer and 
Karlstrom 2007) that has bimodal volcanism as well as associated metasedimentary rocks 
(schist, gneiss) (Reed et al., 1987; Tyson et al., 2002; Jones et al., 2011).  The Rawah 
block (1760-1720 Ma), often included as part of the Green Mountain arc, accreted shortly 
after (1746-1740 Ma) (Tyson et al., 2002).  
To the south of the Green Mountain arc and Rawah block is a third accreting arc: 
the Salida-Gunnison arc (Reed et al., 1987) (Figure 3a).  It is composed of a series of 
basalts, tholeiitic rocks, rhyolites, dacites, and sedimentary clastics (Bickford and 
Boardman 1984; Boardman and Condie, 1986, Bickford et al., 2008).  The oldest periods 
of volcanism in this arc are 1766±7.0 Ma (Moscati et al., 2017), with a renewed period 
from 1740-1730 Ma (Bickford and Boardman, 1984; Moscati et al., 2017).  Granitic 
intrusions also occurred from ~1760-1750 Ma (Bickford and Boardman, 1984).  Bickford 
and Hill (2001) and Hill and Bickford (2007) identified zircons with inherited cores of 
Trans-Hudson- Penokean age, indicating there could be an older basement present.  
However, older material is argued to be expected in basin and arc settings since detritus 




al., 2007).  Therefore, older material does not necessarily indicate the presence of an 
older basement.  If present, older basement would support the extension-accretion model. 
In order to accommodate for shortening, deformation in the form of folding and 
faulting accompanied the accretion of Green Mountain and Salida-Gunnison arcs, 
evidence for which can be seen throughout the Front Range (Selverstone et al., 2000; 
Cavosie and Selverstone, 2003; Mahan et al., 2013).  Geochemical whole rock and initial 
εNd values (2.5-5.0) in the Green Mountain and Salida-Gunnison arcs support that the 
arcs are related and were rifted from each other (Moscati et al., 2017).  Condie (1982) 
and Reed et al. (1987) observed bimodal suites within the Salida-Gunnison arc while 
Jones et al. (2010) observed similar suites in the Green Mountain arc.  Though bimodal 
volcanism is most commonly expected in extensional settings, it can occur in juvenile 
island-arcs (Karlstrom et al., 2007; Whitmeyer and Karlstrom, 2007).  The bimodal 
volcanism in the Green Mountain and Salida-Gunnison arcs is argued to be minor and 
can also be expected in subduction zone settings (Karlstrom et al., 2007).  Geochemical 
signatures of some of the bimodal rocks have also shown a subduction zone signature 
with no evidence for extension (Jones et al., 2011).  Therefore, bimodal volcanism may 
be found in either the juvenile island-arc model or the extension-accretion model. 
Additionally, the ages of the oldest bimodal volcanism in each arc differ.  The 
oldest bimodal volcanism in the Green Mountain arc is ~1780 Ma (Jones et al., 2011).  In 
contrast, the oldest bimodal volcanism in the Salida-Gunnison arc is ~1766 Ma (Moscati 
et al., 2017).  The contrast in ages may support that the arcs may not be related and 
formed separately.  In addition, it is possible to have arcs present similar geochemical 




Moscati et al. (2017) compares ages of several Proterozoic intrusive rocks throughout 
Colorado (Figure 4).  Data from the Green Mountain and Salida-Gunnison arcs 
demonstrate that with errors, the oldest Salida-Gunnison arc intrusions overlaps that of 
the youngest Green Mountain arc (Moscati et al., 2017) (Figure 4).  Therefore, it is one 
line of evidence that these arcs may have rifted apart from one another.     
The area between the Green Mountain and Salida-Gunnison arcs, which includes 
the northern Colorado Front Range and the Big Thompson Canyon, is a backarc basin 
with respect to the Salida-Gunnison arc and a north-dipping subduction zone on the 
southern end of this arc (Condie, 1982; Condie and Martell, 1983; Reed et al., 1987; 
Selverstone et al., 2000).  Evidence for this interpretation includes sequences of graded 
Figure 4. Age comparison of various igneous intrusions throughout Colorado (from 
Moscati et al., 2017).  The Green Mountain arc are the green bars while the Salida-




beds thought to be formed by turbidity currents, which are best seen throughout the Big 
Thompson Canyon (Condie, 1982; Condie and Martell, 1983; Reed et al., 1987; 
Aleinikoff et al., 1993; Reed, 1993; Selverstone et al., 2000; Hill and Bickford, 2001; 











Despite support for the area between the Green Mountain and Salida-Gunnison 
arcs being a backarc basin, some evidence suggests it may in fact be a forearc basin.  
Forearc basins commonly have accretionary wedge material that includes highly 
deformed slices of the oceanic crust, forearc sediments (mélange), and volcanics.  Just 
south of the Big Thompson Canyon is the Moose Mountain shear zone (Figure 3b).  The 
area contains a 3-500 m wide zone of mélange with a calcite marble host and deformed 
clasts of schists, gneisses, amphibolites, metacherts, and pegmatites (Selverstone et al., 
2000).  Further, to the northeast of the Big Thompson Canyon is the Buckhorn Creek 
Figure 5. Overturned graded beds from study area that are interpreted to be formed by 




shear zone (Figure 3b).  The area contains a 21 km wide zone of mélange with a marble 
host, pillowed metabasalts, metagabbros, clinopyroxenites, gneisses, and metacherts 
(Cavosie and Selverstone, 2003).  However, Paleoproterozoic deformation in both shear 
zones was strike-slip.  This lead Cavosie and Selverstone (2003) to conclude that these 
shear zones and their mélange represent reactivated transforms and not accretionary 
wedges.  This may be the basement that the Green Mountain arc, Salida-Gunnison arc, 
and sediments were built upon.  However, this is based on only a few >1.8 Ga, 40Ar/39Ar 
age steps from hornblende (Cavosie and Selverstone, 2003). 
Classifying the area between the Green Mountain and Salida-Gunnison arcs being 
a backarc or forearc basin is further hampered by no direct evidence indicating the 
direction of subduction that formed these arcs.  Tectonic models place either a south-
dipping or north-dipping subduction zone to form the Green Mountain arc (Cavosie and 
Selverstone, 2003; Jones et al., 2010).  However, most models indicate a north-dipping 
subduction zone under the Salida-Gunnison arc (Condie 1982; Cavosie and Selverstone, 
2003; Jones et al., 2009; Jones et al., 2010).  A north-dipping subduction zone is 
consistent with extension occurring in the backarc basin via slab-rollback to the south 
(Condie 1982; Cavosie and Selverstone, 2003, Jones et al., 2009; Jones et al., 2010).  
Accretion is then proposed to have started due to flat-slab subduction (Cavosie and 
Selverstone, 2003).  In addition, Jones et al. (2009) proposes numerous basins existed 
throughout Colorado and the southwestern United States following the Yavapai Orogeny.  
These basins formed due to slab-rollback and subsquently closed when the Mazatzal 




accretion, then this data suggests that at least two periods of extension and subsequent 
accretion took place throughout Colorado.  
The Big Thompson Canyon 
The Big Thompson Canyon area (Figure 3c) contains a variety of igneous and 
metamorphic rocks including tonalities, granodiorites, pegmatites, and metamorphosed 
sedimentary rocks (Braddock et al., 1970; Mahan et al., 2013).  The metasedimentary 
rocks include phyllites, schists, gneisses, and quartzites, the protoliths of which was 
deposited in a backarc basin at ~1.76 Ga or younger (Selverstone et al., 2000; Jones and 
Thrane, 2012).  The metasediments are intruded by two main igneous suites.  The first 
suite, collectively known as the Routt Suite (Tweto, 1987), includes tonalite that intruded 
at 1742±15 Ma (Hooker et al., 2019), plus the Boulder Creek granodiorite.  Near 
Boulder, CO the granodiorite intruded at 1714.4±4.6 Ma (Premo and Fanning, 2000).  
However, around the Big Thompson Canyon, emplacement of similar granodioritic rocks 
was recently dated to 1731±10 Ma (Hooker et al., 2019). 
Geochemical analysis completed by Chumley et al. (2017) and Hooker et al. 
(2019) demonstrated that the granodiorite and the tonalite of the Big Thompson Canyon 
are distinctly different, leading to a conclusion that they formed during convergent 
tectonics, but by different mechanisms.  Magma that formed the granodiorite formed by 
mantle flux melting in a subduction zone.  Magma that formed the tonalite could have 
been produced by partial melting of either the subducting slab or of mafic arc 
underplating.   
The second suite, collectively known as the Berthoud Suite (Tweto, 1987), is 




Tweto, 1987).  These plutons are crustal melts that intruded at the same time as the 
formation of the Granite-Rhyolite Province (Whitmeyer and Karlstrom, 2007), a juvenile 
terrane that extends through much of the middle of the United States.  At least in the 
southwestern United States, significant deformation is associated with the ~1.4 Ga crustal 
melting and is called the Picuris Orogeny (Daniel et al., 2013). 
Metamorphism in the Big Thompson Canyon area it at its lowest grade in the east 
and highest in the west (Mahan et al., 2013).  Phyllite in the east contains biotite, 
muscovite, and chlorite.  Moving west various lithologies contain garnet, staurolite, 
andalusite, and sillimanite.  In the west the highest-grade rocks manifest as migmatites.  
This progression from low to high grade is indicated by the isograds mapped in the Big 
Thompson Canyon (Figure 3c).  Pressure-temperature conditions throughout the Big 
Thompson Canyon are a source of debate.  Peak conditions have been proposed to be 
0.55 GPa and 700°C (Cole, 1977), 0.7 GPa (Munn and Tracy, 1992; Munn et al., 1993), 
and between 0.8-1.0 GPa (Selverstone et al., 2000) for several of the rock units.  
However, P-T conditions from Allaz et al. (2015) show that conditions range from ~0.3 
GPa and 520°C (staurolite zone), ~0.45 Gpa and 560°C (andalusite zone), to ~0.5 Gpa 
and 670-750°C (migmatite zone).  Shah and Bell (2012) propose relatively uniform P-T 
conditions over a long period that started at 0.38-0.4 GPa and 540-550°C in the garnet 
zone at ~1760 Ma.  Conditions ended at 0.33-0.36 GPa and 525-535°C in the garnet zone 
between ~1719-1674 Ma.  The reported low pressure, high temperature conditions and 
mineral assemblages indicate that the area experienced mostly amphibolite facies 




two phases of metamorphism in order to account for the current mineral assemblages, but 






























This research included a detailed structural analysis of locations between Storm 
Mountain and the central Big Thompson Canyon in the summer of 2018.  Detailed 
mapping along Storm Mountain Drive (Figure 3c) was focused south of the Hyatt Mine 
and in between Bobcat Gulch and Galuchie Gulch (Braddock et al., 1970). 
Lithologies 
The mapping reveals four main lithologies: knotted schist, quartzite, tonalite, and 
pegmatite (Figures 6 - 9).  The quartzite contains mostly quartz with minor amounts of 
biotite and muscovite.  The knotted schist contains biotite, muscovite, quartz, andalusite, 
and sillimanite (Figure 10).  The tonalite is composed of quartz, biotite, and plagioclase 
feldspar while the pegmatites are composed of quartz, muscovite, potassium feldspar, and 
tourmaline.  Despite the compositional differences, the tonalite and pegmatites are 
assumed to be related time-wise based on 1) similar intrusion shapes (both occur 
primarily as sills), 2) both exhibiting similar deformation features and 3) tourmaline 




throughout the Big Thompson Canyon.  The rocks may be related by either 1) fractional 
crystallization or 2) partial melting of the crust during the tonalite intrusion. 
 
 


























Figure 7. Cross-beds in quartzite from study area demonstrate that S0 is still present.  
Note: the quartzite sample used for detrital zircon analysis is from this outcrop. 
South 







All the lithologies have been affected by two deformations (Figure 6).  The first 
deformation event (D1) manifests as pinch-and-swell in pegmatites (Figure 9a), 
boudinage in tonalite (Figure 9b and 9c), and folded tension gashes (Figure 9d).  D1 also 
formed a foliation (S1) in the tonalite (Figure 8c), knotted schist, and quartzite.  The 
pegmatites were not found to contain S1.  S1 is near parallel to relic bedding (S0).  S0 can 
still be seen in graded beds (Figure 5) and cross-beds (Figure 7) in the quartzite.  S1 is a 
penetrative foliation defined by the alignment of biotite, muscovite, and sillimanite 
(Figure 10), suggesting that metamorphism occurred at the same time as D1.  This fabric 
has an overall NE strike and SE dip (Figure 11).  Since bedding (S0) is parallel to the 
axial planar foliation (S1), the D1 folds are isoclinal, but none were observed in the field 
area.  In addition, S0-1 is folded (F2) and the fold axis is oriented 65→115 (Figure 11). 
The second deformation (D2) produced a SE striking and SW dipping foliation 
(S2) (Figure 12) best, but locally, developed in the quartzite and knotted schist.  Like S1, 
S2 can be present in the tonalite (Figure 13).  S2 is a non-penetrative foliation defined by 
the scattered alignment of biotite and muscovite (Figure 10b).  Folding (F2) of older 
features (Figure 14a and 14b) is also present.  Figures 9c and 15 show structures that are 








Figure 9. A) Pinch-and-swell in a pegmatite from Storm Mountain Drive within a 
quartzite. B) Boudinage in tonalite in the Big Thompson Canyon at Midway in the S0-1 
orientation. C) S0-1 fabric within a boudinaged tonalite sill (outlined in yellow) and F2 
fold in the knotted schist from Storm Mountain Drive (photo courtesy of G. Baird).  























Figure 10. (A) Full thin section scan of knotted schist showing biotite (bi), muscovite 
(mu), and quartz (qtz).  Fabrics are defined by the parallel alignment of biotite and 
muscovite.  (B) S0-1 fabric. (C) S0-1 and S2 fabrics.  (D) S0-1 fabric and sillimanite (sil).  













































Figure 11. Stereonet data of S0-1 from study area.  Filled circles are poles to bedding 
planes and foliations.  #3 circle is the fold axis of F2 with an orientation of 65→115.   
Figure 12.  Stereonet of poles of S2 from study area.  Filled circles are poles to the 











Figure 13. Pegmatite seam surrounded here by tonalite from study area.  Tonalite 
exhibits S2 foliation. 
S2 
West 
Figure 14. (A) F2 folding in a quartzite in the Big Thompson Canyon, (B) F2 fold in a 








These results are somewhat different to that of Barovich (1986) who identified 
three deformation events affecting the Big Thompson Canyon area.  The first 
deformation event is the same studied here and produced F1 folds and a S1 axial planar 
foliation that is near parallel to relict bedding.  Barovich’s (1986) second deformation 
event produced F2 folds and a S2 axial planar foliation typically only observed as a 
lineation found on bedding plane surfaces.  Data for Barvoich’s (1986) second 
deformation is scattered and does not show a consistent pattern.  This study did not find 
evidence of this deformation event.  Barovich’s (1986) last deformation event produced 
F3 folds that crenulate S1 and locally has an axial planar foliation.  This study’s second 
deformation event features match Barovich’s (1986) third deformation event based on 
similar SE striking and SW dipping foliation orientation.  Barovich (1986) concluded that 
Figure 15. Folded pegmatite veins from Storm Mountain that display both F1 and F2.  







sills of tonalite intruded during F3 folding, but this work demonstrates that the tonalite 
intruded before or during D1.   
The work of Mahan et al. (2013), like this work, has definitively identified two 
deformation events that are correlative to the two described here.  There is the addition of 
at least a third deformation event that manifests as NW-SE striking, SW or NE dipping 
S3b axial planar crenulation cleavage (see Mahan et al., 2013 for details).  The S3b 
crenulation cleavage was identified on Storm Mountain Drive but is not widespread 
enough to allow extensive study.  The F3 fold axis orientation of 57→213 can be 
observed in Figure 12.  The poles of S3b from Mahan et al. (2013) have a similar 





















METHODS AND RESULTS 
Detrital Zircon Geochronology 
Detrital zircons are particularly useful for analyzing sedimentary and 
metasedimentary units by providing insight into timing of opening of basins, maximum 
depositional ages, sources of sediment, and reconstruction of tectonic settings (Cawood, 
et al., 2012; Gehrels, 2014).  A metasedimentary quartzite sample (Figures 5 and 6) was 
collected at UTM NAD83 13T 0470668, 4478579 in order to analyze the detrital zircons.  
Zircon was separate from the quartzite using standard mineral separation procedures.  
Initial steps of the mineral separation process included crushing the sample by jaw 
crusher and then pulverization by a disc mill before being run through a Gemeni wash 
table.  Heavier grains from the wash table were then sieved at 500 μm and the smaller 
grains were subsequently run through a Frantz Isodynamic Separator to separate the most 
magnetic minerals from the least magnetic minerals.  The next step included using 
lithium metatungstate solution (~2.8-2.9 g/cm3) to separate the least magnetic grains.  
This resulted in separating the denser zircon, which has a density of ~4.6 g/cm3, from 
lighter minerals.  The next step was viewing grains underneath a microscope and then 
picking zircon grains based on euhedral, sub-rounded, to rounded shapes and clear to 
purple coloring.  Apatite also appeared as clear to colored grains, and due to the more 




some cases.  The selected grains were then mounted in epoxy and polishing revealed the 
internal structure of the zircons.  Mounted zircons were imaged by a scanning electron 
microscope (SEM) equipped with a cathodoluminescence (CL) detector.  SEM and CL 
imaging distinguished between apatite and zircon based on chemical composition and 
brightness.  Zircons were between 50-250 μm in size with some being euhedral but most 
being sub-rounded to rounded.  Many of the zircons contained oscillatory zoning, which 
indicate an igneous origin, while others had no distinguishing patterns.  The majority of 



















Figure 16. Examples of detrital zircons from a quartzite sample from Storm Mountain 




Selected zircon grains were dated by U-Pb analysis using Laser Ablation-
Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) at the United States 
Geological Survey (USGS) in Lakewood, Colorado.  A beam size of ~30 μm was used to 
analyze 120 detrital zircon grains.  FC-1 (1099.0±0.6 Ma; Paces and Miller, 1993), 
Plesovice (337.13±0.37 Ma; Sláma et al., 2008), and Temora-2 (416.78±0.33 Ma; Black 
et al., 2004) were all analyzed as standards, but the data was reduced to FC-1.  Errors are 
reported to a 95% confidence. 
Detrital Zircons Results 
 The complete zircon analyses are in Tables 1a-1c and are plotted on a Concordia 
diagram (Figure 17).  About sixty analyses were not considered in some diagrams due to 
being highly discordant (more than ±10%) (Spencer et al., 2016).  Some of the filtered 
data is slightly discordant, a factor that is likely related to Pb loss (Figure 18).  
Probability density plots show a prominent peak at ~1791 Ma as well as older analyses 
ranging back to 3146±51 Ma (Figures 19 and 20).  Results from the filtered data show 

























Figure 17. Concordia plot of detrital zircons with all data included.  Data point error 
ellipses are 2 sigma. 
Figure 18. Concordia plot of detrital zircons.  Analyses more than ±10% discordant 





Figure 19. Probability density plot of all detrital zircon analyses.  Prominent peak is at 
1795 Ma. 
Figure 20. Probability density plot of detrital zircon analyses with more than ±10% 





Monazite is found in metamorphic and igneous rocks, is resistant to thermal 
resetting, and commonly has multiple growth zones that may be connected to various 
deformation fabrics (Williams et al., 1999; Williams and Jercinovic, 2002).  It often 
forms as inclusions in porphyroblasts, so determining the age of different zones tied to 
other rock features can provide important information regarding the deformation and 
metamorphic history of a rock (Williams et al., 1999; Williams and Jercinovic, 2002) 
(Figure 21).  Typically, monazite is dated in-situ by an electron microprobe to connect 






The sample analyzed for monazite was a knotted schist collected at UTM NAD83 
13T0470814, 4478143 (Figures 6 and 8).  The sample was cut perpendicular to S0-1 and 
S2 at an orientation of 107, 58SW to produce a thin section that displays both S0-1 and S2. 
This thin section was used for monazite analysis at the University of Massachusetts-
Amherst following a procedure outlined by Montel et al. (1996), Williams et al. (1999), 
Williams and Jercinovic (2002), Williams et al. (2006), Dumond et al. (2015), and 
Figure 21. An example of a monazite growing rims during deformation in an 
orientation parallel to the deformation extension direction (from Williams and 
Jercinovic, 2002).  (A) Monazite grain analyzed by electron microprobe showing high 
and low concentrations of thorium as well as a distinct core and rim age difference.  





Williams et al. (2017).  Three steps were completed: thin-section scale X-ray chemical 
maps, monazite characterization maps, and chemical dating of the monazite grains.  Thin 
section chemical maps include magnesium (Mg), calcium (Ca), cerium (Ce), potassium 
(K), and zirconium (Zr).  Monazite grains in the S0-1/S2 thin section were mapped for the 
following elements: calcium (Ca), yttrium (Y), dysprosium (Dy), uranium (U), and 
thorium (Th).  15 monazite grains were mapped and 11 were dated with a spot size of ~1 
μm (Figure 22). 
Monazite Results 
 Monazite grains are rounded to sub-rounded with the long axis parallel to the S0-1 
fabric (Figure 22).  The maps reveal no discernable change in Dy or Y across the grains 
and are therefore not shown in Figure 22.  Cores display an overall mottled pattern for 
Ca, U, and Th concentrations while rims show uniform compositions.  Ca is high in the 
rims and in some areas of the mottled cores (Figure 22).  The clearest zoning is shown by 
the U and Th maps (Figure 22).  The grains show high U rims and mottled, but on 
average, low U cores (Figure 22).  Grains show the opposite for Th in the form of low 
concentration rims and mottled, but on average, high Th cores (Figure 22).  Overall, rim 
growth orientation is parallel to the S0-1 fabric.   
Dates from the monazite grains (Table 2) reveal that despite obvious core and rim 
textural and compositional differences (Tables 3a-3c), the ages are relatively the same 
(Figures 22 and 23).  A weighted mean plot reveals an average rim age of 1725±19 
(Figure 23a), core age of 1721.3±4.3 Ma (Figure 23b), and combined average age of 




average age (Figure 23c) does not include the oldest and youngest monazite ages as they 
do not overlap the average.   
Figure 22. Top: Mg chemical map showing concentrations of Ce (yellow dots) and the 
orientation of S0-1 and S2.  Orange mineral is biotite.  The Ca, U, and Th monazite 
maps are shown below.  High concentrations are displayed as bright colors (yellow to 
white), moderate concentrations are shades of orange, while low concentrations are 
















Figure 23. (A) Weighted mean plot of monazite rim data organized from youngest to 
oldest.   
(B) Weighted mean plot of monazite core data organized from youngest to oldest. 
(C) Weighted mean plot of both monazite core and rim data organized from youngest 












The metasedimentary rocks are the oldest units within the Big Thompson Canyon 
area.  This work found that their protoliths were deposited in a basin after the youngest 
detrital zircon age of 1751±44 Ma.  This age is consistent with additional detrital samples 
likely from the same basin based on location (between the Green Mountain and Salida-
Gunnison arcs) and similar concordant detrital age patterns.  Selverstone et al. (2000) 
reported 1758±26 Ma and 1751±24 Ma youngest detrital zircon ages from samples from 
either side of the Moose Mountain shear zone.  Jones and Thrane (2012) reported 
youngest detrital zircon ages of 1749±19Ma and 1736±28 Ma from the Park Range, CO.  
All these youngest detrital zircon ages align well and suggest their 1749±11 Ma average 



















The sediment source for the detrital zircons from the field area (Figures 19 and 
20) is predominantly the Green Mountain arc.  The peak age of ~1790 Ma and relative 
proximity to the Green Mountain arc supports this conclusion.  Older sources include the 
Archean-aged Wyoming Province to the north (Selverstone et al., 2000; Jones and 
Thrane, 2012). 
Cawood et al. (2012) summarizes various detrital zircon data and how they can be 
related to tectonic settings (Figure 25).  In all tectonic settings, like samples from the 
Front Range, detrital zircons are a mixture of relatively old and relatively young ages.  
However, the Big Thompson Canyon was a tectonically active area and Cawood et al. 
(2012) argues that in such settings the youngest detrital zircon will have an age relatively 
close to the time of sediment accumulation.  Therefore, passive margins, with a gap in 
Figure 24. Weighted mean plot comparing detrital zircon data.  Red bars: youngest 
detrital zircon from near the Moose Mountain shear zone (Selverstone et al., 2000).  
Green bar: youngest detrital zircon from Storm Mountain Drive (this work). Blue 




age between the youngest detrital zircon and deposition age, are an unlikely tectonic 
setting for the Big Thompson Canyon sediments.  A rift basin is also an unlikely setting 
since arcs (Green Mountain and perhaps the Salida-Gunnison) in the area are contributing 
to the basin sediments.  As depicted, rift basins are not located near arcs.  Forearc basins 
might be eliminated as a setting based on the metamorphic grade and lack of any 
identifiable accretionary wedge.  The Big Thompson Canyon area exhibits primarily 
amphibolite facies metamorphism (Condie and Martell, 1983; Mahan et al., 2013) while 
forearc basins will commonly include blueschist to eclogite facies metamorphism.  There 
is also a lack of accretionary wedge rocks (see above), including highly deformed slices 
of oceanic crust, foreacrc sediments (mélange), and volcanics, identified directly in the 
Big Thompson Canyon area.  Foreland basins are not considered a likely depositional 
environment for these rocks since turbidity currents most commonly form off continental 
shelves, which have a depth of 100-200 m.  This depth is not typically found in foreland 
basins.  Graded beds, interpreted to be formed by turbidity currents (Kuenen and 
Migliorini, 1950), are seen throughout the Big Thompson Canyon and have also been 
interpreted to have formed in a backarc basin by previous studies (Condie, 1982; Condie 
and Martell, 1983; Reed et al., 1987; Aleinikoff et al., 1993; Reed, 1993; Selverstone et 
al., 2000; Hill and Bickford, 2001; Dewitt et al., 2010).  Therefore, the probability 
density plot and other observations of this work further support that a back-arc basin is 














The timing of the two deformation events identified can be constrained by the 
results from the structural and detrital zircon analysis.  D1 had to occur during or after the 
intrusion of the tonalite and pegmatites, which have been constrained by LA-ICP-MS 
zircon analysis to 1741±15 Ma (Hooker et al., 2019), since both units exhibit D1 
structures.  The intrusion of granodiorite in the Big Thompson Canyon area at 1731±10 
Ma (Hooker et al., 2019) occurred at about the same time or shortly after.  However, the 
relationship between the intrusion of the granodiorite, D1, and D2 is unknown since the 
granodiorite was not found in the studied field area. 
Work by Mahan et al. (2013) identified an outcrop in the Big Thompson Canyon 
area that exhibited rare F1 folding of S0.  This outcrop is crosscut by an unfolded aplite 
assumed to be related to the tonalite and contains the S2 fabric studied here.  
Figure 25. Various patterns of detrital zircon probability density plots and their 




Identification of this F1 fold and crosscutting aplite support D1 occurring at the same time 
as the tonalite intrusion, assuming the aplite is related to the tonalite. 
The monazite data provides further insight into the timing of deformation.  The 
cores and rims are distinctly different from each other based on U, Th, and Ca 
concentrations.  The rims give an average older age of 1725±19 Ma (Figure 23a), which 
is likely due to less analyses and greater spread of ages compared to cores, which give an 
average age of 1721.3±4.6 Ma (Figure 23b).  Overall, the rims are interpreted to be 
younger than the cores based on textural relationships, but essentially provide the same 
age with error.  Therefore, the average age of both the cores and the rims of 1723.1±4.0 
Ma (Figure 23c) can be considered as the timing of monazite growth overall.  The 
monazite grains and rims are both preferentially aligned parallel to the S0-1 fabric (Figure 
22).  Therefore, the 1723.1±4.0 Ma average age is interpreted to be the timing of D1.  
This age, within error, just overlaps the age range of tonalite intrusion and supports that 
D1 and tonalite intrusion may have occurred at the same time (Figure 25).  The monazite 
grains do not show any second rim growth that could be interpreted to be formed by D2, 
the D3 described by Mahan et al., (2013), or any later intrusions.  It is possible that D2 or 
D3 are recorded in the monazite grains and occurred within a short time span that is 
recorded by the cores and rims.  However, the limits of the techniques used for monazite 
dating cannot currently distinguish between what could be different events recorded by 
the cores and rims of these grains. 
Overall, D2 can be relatively constrained by D1 and the intrusion of the Silver 
Plume Granite at ~1.4 Ga as the Silver Plume Granite is not deformed (Graubard, 1991; 




Monazite results from this study are similar to the results of Shah and Bell (2012).  
Shah and Bell (2012) studied monazite grains within foliation inflection/intersection axes 
(FIA) from samples within the Big Thompson Canyon.  Four ages were discovered in 
various FIA sets.  The earliest age of 1760.5±9.7 Ma correlates most closely with this 
study’s 1751±44 Ma maximum detrital zircon age and is therefore interpreted to be 
dating detrital monazite.  The second age of 1719.7±6.4 Ma correlates most closely with 
this study’s monazite ages and timing of D1.  Paleo-stress direction for the 1719.7±6.4 
Ma age is about N-S (Shah and Bell, 2012), which is perpendicular to the strike 
directions of S0-1.  The third age of 1674±11 Ma could potentially be the timing of D2.  
Paleo-stress direction for the 1674±11 Ma age is about NE-SW (Shah and Bell, 2012), 
which is perpendicular to the strike directions determined for S2.  The last age is 1415±16 
Ma and could potentially be the timing of D3.  Paleo-stress direction for the 1415±16 Ma 
age is about NW-SE (Shah and Bell, 2012), which is perpendicular to the F3 fold axis 
calculated in this study. 
Given that biotite is mostly aligned with S1, the timing of monazite growth, 
interpreted to be the timing of D1, is likely also the timing of the first metamorphic event.  
The inclusion of sillimanite, aligned with S1, within andalusite also supports this 
interpretation (Figure 10e).  Data from a similar sample from Storm Mountain Drive 
indicates pressure and temperature conditions for metamorphism were ~0.4 Gpa and 
~580°C (Allaz et al., 2015).  The timing of the potential second metamorphic event, as 
indicated by the andalusite enclosing the sillimanite (Figure 10e), could be interpreted as 
occurring shortly after the first event.  However, it could be closer to that of 1674±11 Ma, 




timing of D2 (see above).  Another interpretation is that the andalusite, and the second 
metamorphic event, may have occurred at ~1.4 Ga, or the timing of the intrusion of the 
Silver Plume Granite. 
One limitation of the presented data is that the youngest detrital zircon analysis 
from this study (1751±44 Ma) could be as old as ~1795 Ma or as young as ~1707 Ma 
considering the full extent of the error bars.  This is a large age range from which it is 
difficult to confidently determine the time span between sedimentation and deformation.  
Considering the youngest detrital zircon data from Selverstone et al. (2000) and Jones 
and Thrane (2012) there results are quite consistent with each other and of this work, 
suggesting that the average youngest detrital zircon age of 1749±11 Ma is when a large 
portion of the basin was deposited (Figure 24).  In addition, the tonalite intrusion at 
1741±15 Ma could be as old as ~1757 Ma and as young as ~1727 Ma.  The ~1727 Ma 
age overlaps with that of the monazite data (Figure 26), supporting that D1 and the 
tonalite intrusion may have occurred at the same time.  The tonalite formed in a 
subduction zone setting, indicating that the basin between the Green Mountain and 
Salida-Gunnison arcs was closing during its intrusion.  The closing of the basin is also 
accompanied by deformation, which could have started with the timing of the tonalite 
intrusion and may have continued through to the time of the monazite growth.  However, 
if the aplite, discussed above that crosscuts an F1 fold, is not related to the tonalite, then 
D1 occurred shortly after the tonalite intrusion.  Regardless, these results demonstrate that 
likely less than ~10-20 Myr occurred between deposition and convergence as indicated 
















Applying a Tectonic Model 
 There are many lines of evidence that need to be considered when distinguishing 
between the extension-accretion (Figure 27) or the juvenile island-arc accretion (Figure 
28) model for the formation of the rocks of the Big Thompson Canyon area.  The timing 
between sediment deposition and subduction related tonalite intrusion can likely be 
constrained to within ~10-20 Myr with final accretion occurring within another ~15 Myr 
based on the timing of D1.  This means the Big Thompson Canyon, likely part of the 
backarc basin between the Green Mountain and Salida-Gunnison arcs, is closing by 
Figure 26. Weighted mean plot comparing all geochronology data.  Red bars: 
youngest detrital zircons from the Moose Mountain shear zone (Selverstone et al., 
2000).  Green bar: youngest detrital zircon from Storm Mountain Drive (this study).  
Blue bars: youngest detrital zircons from the Park Range, CO (Jones and Thrane, 
2012).  Yellow bar: intrusion of the tonalite (Hooker et al., 2019).  Orange bar: 
intrusion of the granodiorite (Hooker et al., 2019).  Purple bar: average core and rim 




~1741 Ma.  This ~10-20 Myr time span between sedimentation and initial basin closure is 
considered a short period of time that fits into the time constraints set by the extension-
accretion model (Collins, 2002a; Collins, 2002b).  However, the timing of the opening of 
the basin is unknown.  This information would reveal the age relationship of the basin 
compared to the Green Mountain arc, Salida-Gunnison arc, and the backarc basin.  If the 
age of the basin is older than the arcs, then the juvenile island-arc accretion model best 
applies.  On the other hand, if the age of the basin is younger than the arcs, then the 




Figure 27.  Extension-accretion tectonic model for the formation of Colorado’s crust 
(modified from Collins, 2002a).  (A) The Green Mountain arc and Salida-Gunnison 
arc form off the Wyoming Province at ~1780 Ma during the Medicine Bow Orogeny.  
(B) The two arcs extend and rift apart to form an extensional backarc basin.  (C) The 
backarc basin begins to close, causing the intrusions of the tonalite, granodiorite, and 




Geochemical evidence indicates that the Green Mountain and Salida-Gunnison 
arcs are related.  Moscati et al. (2017) interprets this to mean that the two arcs rifted apart 
to form the backarc basin in between prior to accretion (Figure 26).  However, arcs can 
present similar geochemical signatures but not be required to be the same arc. 
 Collins (2002a) argues that temperatures for granulite metamorphism are too high 
to occur in normal subduction zone settings and requires some sort of extension to help 
reach these conditions.  The PT estimates of e.g. Allaz et al. (2015) and the presence of 
andalusite in the Big Thompson Canyon (Figure 10e), commonly found in high 
temperature and lower pressure metamorphism, could be an indicator of high T 
metamorphic conditions requiring extension as part of the tectonic history.  However, 
Figure 28. Juvenile island-arc tectonic model for the formation of Colorado’s crust 
(modified from Collins, 2002a).  (A) The Green Mountain arc forms onto the 
Wyoming Province during the Medicine Bow Orogney. (B) The Salida-Gunnison arc 
forms separately.  (C) The backarc basin begins to close, causing the intrusion of the 
tonalite, granodiorite, and pegmatites. (D) Closure of the backarc basin and accretion 




andalusite and the observed Big Thompson Canyon PT conditions can also be found in 
island arc settings so this can’t convincingly rule out the juvenile island-arc model. 
 The collective data is not conclusive regarding whether the Big Thompson 
Canyon rocks formed by the extension-accretion model or the juvenile arc accretion 
model.  As discussed, all lines of evidence can be interpreted as fitting or supporting 
either model.  Applying the extension-accretion model to the Big Thompson Canyon has 
been done in Figure 27.  This model shows the Green Mountain and Salida-Gunnison 
arcs forming as one arc and accreting onto the Wyoming Province during the Medicine 
Bow Orogeny.  They subsquently rifted apart due to slab-rollback and formed the backarc 
basin that the Big Thompson Canyon area is a part of.  Extension ended within ~10-20 
Myr when slab-rollback ended.  As the basin collapse began, the tonalite, granodiorite, 
and pegmatites intruded, and deformation began.  Deformation continued through to the 
accretion of the arcs.   
Alternatively, applying the juvenile island-arc accretion model to the Big 
Thompson Canyon has been done in Figure 28.  This model first shows the Green 
Mountain arc forming and accreting onto the Wyoming Province during the Medicine 
Bow Orogeny.  The Salida-Gunnison arc forms as a separate arc to the south.  As basin 
collapse begins, the tonalite, granodiorite, and pegmatites intrude, and deformation 
begins.  The Salida-Gunnison arc subsequently accretes.  
Overall, the author believes the extension-accretion model best fits for the Big 
Thompson Canyon area.  This is based on three lines of evidence.  The first is the support 
from previous studies that also conclude some form of extension must have taken place in 




throughout the Front Range (Condie, 1982; Boardman and Condie, 1986; Reed et al., 
1987; Selverstone et al., 2000; Hill and Bickford, 2001; Bickford and Hill, 2007; Moscati 
et al., 2017).  The second is the geochemical evidence that indicates the Green Mountain 
and Salida-Gunnison arcs are likely related (Moscati et al., 2017).  The last is the 
conclusion from this study that there is a ~10-20 Myr time frame between sedimentation 
that presumed to have occurred during extension and closing of the basin indicated by 
intrusions and subsequent deformation.  This short time frame fits into the constraints set 
by the extension-accretion model as presented.  Therefore, this collectively leads to the 
conclusion that extension-accretion model best fits the geology of the Big Thompson 
Canyon area. 





















Detailed structural analysis of Storm Mountain Drive and in the Big Thompson 
Canyon area via field work as well as LA-ICP-MS detrital zircon analysis and electron 
microprobe dating of monazite reveal: 
1) The age of maximum sediment deposition is 1751±44 Ma in a backarc basin. 
2) Three deformation events affect the area.  The first deformation is penetrative and 
occurred during or after the tonalite intrusion.  The first metamorphic event occurred at 
the same time as D1 based on monazite growth and mica alignment with the first 
deformational foliation.  The second and third deformations are not penetrative.   
3) Monazite growth, at 1721.3±4.6 Ma for cores and 1725±19 Ma for rims, with a 
combined weighted mean age of 1723.1±4.0 Ma, occurred during D1.  Monazite growth 
may have occurred during tonalite intrusion, though possibly somewhat younger.  Exact 
timing of the second deformation is unknown.  D2 occurred before the intrusion of the 
Silver Plume Granite at ~1.4 Ga.  Timing of D3 is also unknown. 
4) The timing between the formation of the arcs, basin closing, and subsequent 
deformation has been constrained to likely ~10-20 Myr.   
5) Evidence for the extension-accretion model for the studied rocks is supported by: 
relatively short time period (~10-20 Myr) covering maximum sediment deposition, 




presence of older material identified by other studies, geochemical analysis and 
interpretation that the Green Mountain and Salida-Gunnison arcs are related, and 
presence of andalusite and published PT estimates indicating high temperature and low 
pressure metamorphism. 
6) Evidence for the juvenile island-arc model is supported by: bimodal volcanism is 
argued to be minor and some of which has been demonstrated to have formed in 
subduction zones, evidence of older detrital material explained by sediment being 
transported long distances and incorporated into an arc during subduction, arcs can have 
similar geochemical signatures but be completely unrelated, high temperature and low 
pressure metamorphism producing andalusite is also possible in island-arc settings. 
7) The timing of the opening of the basin is currently unknown.  Further research to 
constrain this timing would help reveal the relationship of the backarc basin to the arcs. 
8) Acknowledging caveats, the extension-accretion model best explains the Big 
Thompson Canyon geology based on: support from other studies, geochemical evidence 
suggesting the Green Mountain and Salida-Gunnison arcs are rifted from each other, and 
the short period of likely ~10-20 Myr for sedimentation, closing of the basin, intrusions, 
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18-BTC-80A-001 1863 45 5.422 0.09 0.3451 0.01 
18-BTC-80A-002 2003 44 6.34 0.14 0.3691 0.012 
18-BTC-80A-003 1802 44 5.22 0.2 0.341 0.015 
18-BTC-80A-004 1761 43 4.829 0.095 0.3245 0.01 
18-BTC-80A-005 1845 47 2.63 0.15 0.1661 0.011 
18-BTC-80A-006 1754 47 4.06 0.16 0.27 0.014 
18-BTC-80A-007 1880 44 4.77 0.19 0.304 0.014 
18-BTC-80A-008 1817 46 3.993 0.11 0.2583 0.0096 
18-BTC-80A-009 1783 44 4.847 0.081 0.3215 0.0096 
18-BTC-80A-010 2046 50 2.023 0.05 0.1159 0.0045 
18-BTC-80A-011 2023 56 2.03 0.12 0.1165 0.0093 
18-BTC-80A-012 2033 48 3.297 0.085 0.1901 0.0065 
18-BTC-80A-013 1751 44 4.81 0.14 0.3236 0.012 
18-BTC-80A-014 1936 48 3.41 0.15 0.2065 0.0096 
18-BTC-80A-015 1776 43 4.822 0.1 0.3215 0.0096 
18-BTC-80A-016 2132 53 1.323 0.072 0.0714 0.004 
18-BTC-80A-017 1785 46 5.291 0.12 0.3519 0.013 
18-BTC-80A-018 1826 48 3.609 0.11 0.231 0.0076 
18-BTC-80A-019 2217 44 6.4 0.25 0.3324 0.013 
18-BTC-80A-020 2011 49 6.17 0.15 0.3588 0.011 
18-BTC-80A-021 1885 45 5.72 0.12 0.3598 0.011 
18-BTC-80A-022 1944 47 2.175 0.083 0.1315 0.0055 
18-BTC-80A-023 1872 46 2.128 0.057 0.1331 0.0044 
18-BTC-80A-024 1808 43 4.02 0.16 0.264 0.012 
18-BTC-80A-025 2331 40 6.27 0.24 0.304 0.013 
18-BTC-80A-026 1778 53 4.63 0.12 0.3108 0.0099 
18-BTC-80A-027 1780 46 3.84 0.28 0.255 0.021 
18-BTC-80A-028 2634 40 9.2 0.31 0.373 0.015 
18-BTC-80A-029 1784 45 3.197 0.063 0.2123 0.0066 
18-BTC-80A-030 3146 51 21.6 1.3 0.637 0.031 
18-BTC-80A-031 1798 45 5.027 0.12 0.3282 0.011 
18-BTC-80A-032 2090 61 4.47 0.56 0.25 0.027 
18-BTC-80A-033 1811 43 4.575 0.11 0.2988 0.011 
18-BTC-80A-034 2951 45 17.44 0.97 0.578 0.027 
18-BTC-80A-035 1800 47 4.81 0.25 0.317 0.019 
18-BTC-80A-036 1804 44 4.99 0.13 0.3288 0.011 
18-BTC-80A-037 1802 45 5.21 0.12 0.3439 0.012 




Table 1a continued 
18-BTC-80A-038 1767 47 4.99 0.12 0.332 0.011 
18-BTC-80A-039 2158 45 7.56 0.29 0.403 0.017 
18-BTC-80A-040 1808 43 5.27 0.29 0.346 0.02 
18-BTC-80A-041 1887 53 3.55 0.31 0.224 0.023 
18-BTC-80A-042 2810 41 13.97 0.51 0.51 0.023 
18-BTC-80A-043 1793 43 4.31 0.13 0.2831 0.011 
18-BTC-80A-044 1799 48 4.949 0.09 0.3247 0.0096 
18-BTC-80A-045 1848 49 4.708 0.11 0.3049 0.0099 
18-BTC-80A-046 2030 50 2.08 0.079 0.1201 0.0068 
18-BTC-80A-047 1920 47 4.19 0.13 0.2551 0.01 
18-BTC-80A-048 1944 44 4.57 0.24 0.28 0.017 
18-BTC-80A-049 2326 46 2.37 0.19 0.1182 0.0097 
18-BTC-80A-050 1780 44 4.944 0.085 0.3283 0.0093 
18-BTC-80A-051 2041 42 2.39 0.074 0.1382 0.0053 
18-BTC-80A-052 1781 43 4.573 0.097 0.3058 0.0096 
18-BTC-80A-053 1773 49 4.989 0.09 0.3322 0.011 
18-BTC-80A-054 1771 43 4.6 0.19 0.308 0.015 
18-BTC-80A-055 2071 71 4.655 0.095 0.267 0.014 
18-BTC-80A-056 1881 54 5.477 0.1 0.3468 0.012 
18-BTC-80A-057 1785 44 4.04 0.18 0.268 0.014 
18-BTC-80A-058 1862 42 5.36 0.19 0.341 0.015 
18-BTC-80A-059 1920 47 3.05 0.15 0.1873 0.011 
18-BTC-80A-060 1831 44 5.12 0.26 0.331 0.019 
18-BTC-80A-101 1811 35 4.879 0.19 0.3178 0.0094 
18-BTC-80A-102 1823 40 4.36 0.17 0.2827 0.01 
18-BTC-80A-103 1968 36 5.6 0.22 0.3359 0.012 
18-BTC-80A-104 2574 32 8.63 0.47 0.364 0.018 
18-BTC-80A-105 1806 34 3.52 0.18 0.2314 0.011 
18-BTC-80A-106 1917 31 5.028 0.19 0.3094 0.0093 
18-BTC-80A-107 1908 36 5.316 0.2 0.329 0.01 
18-BTC-80A-108 1958 47 1.89 0.3 0.113 0.014 
18-BTC-80A-109 2569 38 11.26 0.43 0.4761 0.015 
18-BTC-80A-110 1980 38 3.28 0.23 0.196 0.012 
18-BTC-80A-111 1758 37 4.624 0.19 0.313 0.0098 
18-BTC-80A-112 1931 47 5.32 0.31 0.329 0.02 
18-BTC-80A-113 1766 39 4.842 0.18 0.3277 0.01 
18-BTC-80A-114 1807 39 4.888 0.18 0.3242 0.01 
18-BTC-80A-115 1782 33 2.92 0.18 0.1945 0.01 
18-BTC-80A-116 1982 36 2.59 0.22 0.154 0.012 




Table 1a continued 
18-BTC-80A-118 1780 38 4.845 0.19 0.3216 0.01 
18-BTC-80A-119 2015 44 4.23 0.19 0.2492 0.011 
18-BTC-80A-120 1783 35 3.99 0.17 0.2655 0.01 
18-BTC-80A-121 1856 43 2.82 0.16 0.1809 0.0087 
18-BTC-80A-122 1761 39 4.711 0.18 0.3217 0.0094 
18-BTC-80A-123 1785 38 4.83 0.18 0.3237 0.0097 
18-BTC-80A-124 1793 42 4.768 0.17 0.3152 0.0096 
18-BTC-80A-125 1781 37 4.749 0.18 0.3177 0.0091 
18-BTC-80A-126 1782 40 4.661 0.17 0.3156 0.0097 
18-BTC-80A-127 1785 38 4.858 0.17 0.3233 0.01 
18-BTC-80A-128 1786 42 4.563 0.17 0.3043 0.0096 
18-BTC-80A-129 1896 34 3.28 0.27 0.206 0.014 
18-BTC-80A-130 3002 32 12.96 0.53 0.426 0.016 
18-BTC-80A-131 1913 39 5.15 0.2 0.3202 0.013 
18-BTC-80A-132 1788 36 4.805 0.18 0.3214 0.0093 
18-BTC-80A-133 1800 36 2.544 0.13 0.1724 0.0084 
18-BTC-80A-134 1765 35 4.684 0.18 0.3176 0.0097 
18-BTC-80A-135 1878 35 2.88 0.15 0.1837 0.0079 
18-BTC-80A-136 1816 36 4.37 0.2 0.287 0.015 
18-BTC-80A-137 1812 40 4.535 0.17 0.3005 0.0099 
18-BTC-80A-138 2422 35 4.25 0.23 0.1968 0.0093 
18-BTC-80A-139 1801 35 4.66 0.23 0.307 0.013 
18-BTC-80A-140 1802 36 5.132 0.19 0.3384 0.01 
18-BTC-80A-141 1914 37 4.17 0.25 0.259 0.013 
18-BTC-80A-142 1791 37 3.42 0.23 0.227 0.012 
18-BTC-80A-143 1724 39 2.05 0.16 0.144 0.011 
18-BTC-80A-144 1884 37 1.73 0.18 0.111 0.011 
18-BTC-80A-145 1776 40 3.74 0.26 0.251 0.017 
18-BTC-80A-146 1788 36 4.01 0.28 0.268 0.018 
18-BTC-80A-147 1831 52 3.93 0.2 0.257 0.017 
18-BTC-80A-148 1873 40 4.81 0.2 0.3015 0.013 
18-BTC-80A-149 1830 38 4.649 0.17 0.3003 0.0083 
18-BTC-80A-150 1779 38 4.27 0.17 0.2837 0.01 
18-BTC-80A-151 2016 36 4.627 0.18 0.2718 0.0093 
18-BTC-80A-152 2040 36 1.607 0.097 0.0921 0.0051 
18-BTC-80A-153 1934 36 5.41 0.28 0.33 0.017 
18-BTC-80A-154 1786 38 4.675 0.18 0.31 0.0092 
18-BTC-80A-155 2090 41 3.05 0.19 0.1686 0.0083 
18-BTC-80A-156 1784 43 2.04 0.16 0.1356 0.01 




Table 1a continued 
18-BTC-80A-158 1851 35 5.067 0.2 0.3234 0.011 
18-BTC-80A-159 1915 39 4.42 0.2 0.2722 0.012 
18-BTC-80A-160 1799 36 4.669 0.19 0.3043 0.01 
 









18-BTC-80A-001 0.60004 -2.5 1888.1 14 1911 50 
18-BTC-80A-002 0.87865 -1.1 2024 19 2025 58 
18-BTC-80A-003 0.96145 -4.8 1854 33 1892 72 
18-BTC-80A-004 0.89776 -2.8 1790 16 1811 49 
18-BTC-80A-005 0.97636 86.4 1305 41 990 59 
18-BTC-80A-006 0.95892 13.9 1644 32 1539 73 
18-BTC-80A-007 0.96095 10.1 1778 33 1708 70 
18-BTC-80A-008 0.95683 22.7 1632 23 1481 49 
18-BTC-80A-009 0.61706 -0.8 1792.9 14 1797 47 
18-BTC-80A-010 0.80895 189.4 1123 17 707 26 
18-BTC-80A-011 0.96948 184.9 1120 39 710 54 
18-BTC-80A-012 0.85925 81.2 1480 20 1122 35 
18-BTC-80A-013 0.94127 -3.1 1785 24 1807 58 
18-BTC-80A-014 0.91634 60.1 1504 34 1209 51 
18-BTC-80A-015 0.87127 -1.2 1788 17 1797 47 
18-BTC-80A-016 0.93608 380.2 854 30 444 24 
18-BTC-80A-017 0.85765 -8.1 1867 20 1943 60 
18-BTC-80A-018 0.88957 36.3 1550 23 1340 40 
18-BTC-80A-019 0.98173 19.9 2030 34 1849 62 
18-BTC-80A-020 0.54448 1.8 1999 21 1976 54 
18-BTC-80A-021 0.62112 -4.8 1934 18 1981 52 
18-BTC-80A-022 0.93374 144.2 1171 27 796 31 
18-BTC-80A-023 0.91641 132.5 1157 18 805 25 
18-BTC-80A-024 0.9835 19.6 1635 34 1512 63 
18-BTC-80A-025 0.97177 36.3 2012 33 1710 66 
18-BTC-80A-026 0.57343 1.9 1754 22 1744 48 
18-BTC-80A-027 0.99067 21.9 1593 60 1460 110 
18-BTC-80A-028 0.97597 29.1 2356 32 2041 73 
18-BTC-80A-029 0.83099 43.8 1456 15 1241 35 
18-BTC-80A-030 0.98682 -0.8 3157 60 3170 120 
18-BTC-80A-031 0.8744 -1.7 1823 20 1829 55 
18-BTC-80A-032 0.9972 46.2 1730 110 1430 140 
18-BTC-80A-033 0.96131 7.5 1744 21 1685 56 




Table 1b continued 
18-BTC-80A-034 0.96789 0.4 2953 55 2938 110 
18-BTC-80A-035 0.98223 1.6 1782 46 1771 92 
18-BTC-80A-036 0.85232 -1.5 1816 22 1832 52 
18-BTC-80A-037 0.95352 -5.4 1854 20 1905 60 
18-BTC-80A-038 0.91308 -4.4 1816 21 1848 51 
18-BTC-80A-039 0.95661 -1.0 2178 34 2180 80 
18-BTC-80A-040 0.98307 -5.4 1859 49 1911 95 
18-BTC-80A-041 0.99123 45.2 1528 66 1300 120 
18-BTC-80A-042 0.97233 5.8 2745 37 2656 100 
18-BTC-80A-043 0.96937 11.6 1695 25 1606 55 
18-BTC-80A-044 0.58364 -0.8 1810 15 1813 46 
18-BTC-80A-045 0.83687 7.8 1768 20 1715 49 
18-BTC-80A-046 0.92687 177.7 1141 26 731 39 
18-BTC-80A-047 0.91776 30.2 1670 25 1475 58 
18-BTC-80A-048 0.96814 22.3 1749 43 1589 85 
18-BTC-80A-049 0.99269 223.5 1225 57 719 56 
18-BTC-80A-050 0.66146 -2.7 1809.5 15 1830 45 
18-BTC-80A-051 0.94408 144.7 1243 24 834 30 
18-BTC-80A-052 0.96686 3.5 1744 18 1720 48 
18-BTC-80A-053 0.67131 -4.1 1817 15 1849 54 
18-BTC-80A-054 0.98714 2.5 1747 37 1728 74 
18-BTC-80A-055 0.69508 35.6 1759 17 1527 70 
18-BTC-80A-056 0.47321 -1.9 1897 17 1919 59 
18-BTC-80A-057 0.98509 16.6 1639 38 1531 71 
18-BTC-80A-058 0.92783 -1.6 1877 31 1892 72 
18-BTC-80A-059 0.95181 73.8 1416 39 1105 58 
18-BTC-80A-060 0.97661 -0.6 1834 47 1842 93 
18-BTC-80A-101 0.91539 1.8 1802 31 1779 45 
18-BTC-80A-102 0.90064 13.6 1704 32 1605 50 
18-BTC-80A-103 0.92069 5.5 1915 32 1866 56 
18-BTC-80A-104 0.96786 27.6 2296 49 2017 78 
18-BTC-80A-105 0.96913 34.7 1528 40 1341 56 
18-BTC-80A-106 0.57124 10.3 1824 30 1738 46 
18-BTC-80A-107 0.82273 4.1 1871 31 1833 50 
18-BTC-80A-108 0.99591 185.0 1059 91 687 78 
18-BTC-80A-109 0.76547 2.4 2544 34 2509 66 
18-BTC-80A-110 0.9887 72.0 1471 52 1151 67 
18-BTC-80A-111 0.88434 0.2 1753 32 1755 48 
18-BTC-80A-112 0.92853 5.5 1868 50 1831 96 




Table 1b continued 
18-BTC-80A-114 0.8352 -0.2 1800 31 1810 48 
18-BTC-80A-115 0.97977 55.6 1382 46 1145 56 
18-BTC-80A-116 0.98886 114.5 1290 62 924 68 
18-BTC-80A-117 0.98758 118.5 1160 47 850 63 
18-BTC-80A-118 0.79421 -0.9 1792 32 1797 51 
18-BTC-80A-119 0.87544 40.5 1677 36 1434 56 
18-BTC-80A-120 0.91098 17.5 1630 33 1517 52 
18-BTC-80A-121 0.89262 73.3 1358 41 1071 47 
18-BTC-80A-122 0.57104 -2.1 1769 29 1798 46 
18-BTC-80A-123 0.57317 -1.3 1790 31 1808 47 
18-BTC-80A-124 0.48058 1.5 1779 29 1766 47 
18-BTC-80A-125 0.61443 0.2 1776 30 1778 44 
18-BTC-80A-126 0.81674 0.8 1760 30 1768 47 
18-BTC-80A-127 0.58295 -1.2 1794.7 29 1806 48 
18-BTC-80A-128 0.59048 4.3 1742 30 1712 47 
18-BTC-80A-129 0.98552 57.3 1469 61 1205 75 
18-BTC-80A-130 0.93093 31.2 2675 38 2288 71 
18-BTC-80A-131 0.87411 6.9 1843 32 1790 61 
18-BTC-80A-132 0.39435 -0.4 1785.6 30 1796 45 
18-BTC-80A-133 0.97752 75.6 1283 36 1025 46 
18-BTC-80A-134 0.74397 -0.7 1764 31 1778 48 
18-BTC-80A-135 0.94802 72.8 1376 38 1087 43 
18-BTC-80A-136 0.97619 11.9 1704 38 1623 74 
18-BTC-80A-137 0.91693 6.9 1737 30 1694 49 
18-BTC-80A-138 0.9506 109.2 1681 45 1158 50 
18-BTC-80A-139 0.97839 4.3 1758 40 1727 64 
18-BTC-80A-140 0.8448 -4.1 1841 30 1879 48 
18-BTC-80A-141 0.95383 29.1 1665 47 1483 69 
18-BTC-80A-142 0.99408 36.2 1505 51 1315 65 
18-BTC-80A-143 0.98757 99.8 1138 53 863 64 
18-BTC-80A-144 0.99267 178.7 1024 62 676 62 
18-BTC-80A-145 0.98449 23.3 1597 54 1440 91 
18-BTC-80A-146 0.98406 17.2 1630 58 1526 94 
18-BTC-80A-147 0.9704 24.6 1618 42 1469 88 
18-BTC-80A-148 0.89955 10.3 1786 36 1698 62 
18-BTC-80A-149 0.38774 8.1 1758 30 1693 41 
18-BTC-80A-150 0.92462 10.5 1687 32 1610 50 
18-BTC-80A-151 0.78582 30.1 1754 31 1549 47 
18-BTC-80A-152 0.96747 259.2 971 37 568 30 




Table 1b continued 
18-BTC-80A-154 0.58453 2.6 1763 31 1740 45 
18-BTC-80A-155 0.93117 108.2 1418 44 1004 46 
18-BTC-80A-156 0.97393 117.8 1125 52 819 58 
18-BTC-80A-157 0.98038 14.3 1670 50 1565 71 
18-BTC-80A-158 0.8563 2.5 1830 33 1806 51 
18-BTC-80A-159 0.93318 23.5 1715 37 1551 58 
18-BTC-80A-160 0.81089 5.1 1761 34 1712 49 
 
Sample U/Th Ratio Error Sample U/Th Ratio Error  
18-BTC-80A-001 2.978 0.037 18-BTC-80A-032 2.17 0.13 
18-BTC-80A-002 0.963 0.036 18-BTC-80A-033 3.423 0.045 
18-BTC-80A-003 8.27 0.25 18-BTC-80A-034 28.5 7.2 
18-BTC-80A-004 2.445 0.064 18-BTC-80A-035 3.547 0.061 
18-BTC-80A-005 1.379 0.039 18-BTC-80A-036 1.77 0.1 
18-BTC-80A-006 2.971 0.057 18-BTC-80A-037 2.781 0.079 
18-BTC-80A-007 2.664 0.029 18-BTC-80A-038 2.472 0.059 
18-BTC-80A-008 10.16 0.61 18-BTC-80A-039 2.655 0.067 
18-BTC-80A-009 9.9 1 18-BTC-80A-040 3.259 0.087 
18-BTC-80A-010 0.693 0.021 18-BTC-80A-041 2.61 0.14 
18-BTC-80A-011 0.987 0.022 18-BTC-80A-042 2.6 0.054 
18-BTC-80A-012 1.87 0.065 18-BTC-80A-043 4.038 0.058 
18-BTC-80A-013 19.73 0.45 18-BTC-80A-044 3.77 0.21 
18-BTC-80A-014 3.17 0.11 18-BTC-80A-045 1.1 0.11 
18-BTC-80A-015 4.708 0.072 18-BTC-80A-046 2.353 0.037 
18-BTC-80A-016 2.18 0.053 18-BTC-80A-047 3.55 0.11 
18-BTC-80A-017 4.66 0.3 18-BTC-80A-048 2.969 0.047 
18-BTC-80A-018 8.21 0.61 18-BTC-80A-049 2.428 0.061 
18-BTC-80A-019 3.12 0.22 18-BTC-80A-050 6.7 0.17 
18-BTC-80A-020 4.126 0.07 18-BTC-80A-051 4.347 0.071 
18-BTC-80A-021 2.782 0.075 18-BTC-80A-052 4.475 0.091 
18-BTC-80A-022 5.031 0.077 18-BTC-80A-053 4.05 0.13 
18-BTC-80A-023 2.444 0.041 18-BTC-80A-054 3.97 0.29 
18-BTC-80A-024 10.14 0.69 18-BTC-80A-055 0.349 0.068 
18-BTC-80A-025 2.92 0.11 18-BTC-80A-056 0.74 0.011 
18-BTC-80A-026 4.459 0.056 18-BTC-80A-057 3.34 0.1 
18-BTC-80A-027 4.1 0.13 18-BTC-80A-058 1.251 0.066 
18-BTC-80A-028 5.39 0.11 18-BTC-80A-059 1.736 0.036 
18-BTC-80A-029 3.075 0.074 18-BTC-80A-060 2.85 0.11 
18-BTC-80A-030 2.13 0.49 18-BTC-80A-101 3.21 0.15 




Table 1c continued 
18-BTC-80A-031 3.525 0.076 18-BTC-80A-102 2.4 0.15 
18-BTC-80A-102 2.4 0.15 18-BTC-80A-132 2.59 0.23 
18-BTC-80A-103 3.96 0.25 18-BTC-80A-133 3.115 0.066 
18-BTC-80A-104 2.609 0.062 18-BTC-80A-134 2.44 0.038 
18-BTC-80A-105 2.991 0.037 18-BTC-80A-135 1.8 0.11 
18-BTC-80A-106 1.345 0.068 18-BTC-80A-136 3.19 0.32 
18-BTC-80A-107 1.1 0.12 18-BTC-80A-137 3.1 0.12 
18-BTC-80A-108 5.96 0.17 18-BTC-80A-138 3.38 0.15 
18-BTC-80A-109 2.318 0.091 18-BTC-80A-139 3.29 0.33 
18-BTC-80A-110 2.182 0.077 18-BTC-80A-140 4.94 0.13 
18-BTC-80A-111 3.634 0.07 18-BTC-80A-141 2.006 0.079 
18-BTC-80A-112 1.08 0.12 18-BTC-80A-142 3.54 0.17 
18-BTC-80A-113 3.612 0.071 18-BTC-80A-143 17.2 1.2 
18-BTC-80A-114 3.68 0.15 18-BTC-80A-144 3.918 0.075 
18-BTC-80A-115 3.3 0.12 18-BTC-80A-145 5.72 0.48 
18-BTC-80A-116 3.394 0.093 18-BTC-80A-146 7.6 0.38 
18-BTC-80A-117 0.538 0.034 18-BTC-80A-147 4.62 0.48 
18-BTC-80A-118 5.03 0.13 18-BTC-80A-148 1.661 0.075 
18-BTC-80A-119 0.74 0.11 18-BTC-80A-149 5.013 0.052 
18-BTC-80A-120 3.57 0.14 18-BTC-80A-150 8.86 0.22 
18-BTC-80A-121 1.686 0.026 18-BTC-80A-151 0.966 0.037 
18-BTC-80A-122 1.738 0.029 18-BTC-80A-152 2.25 0.17 
18-BTC-80A-123 2.742 0.042 18-BTC-80A-153 2.688 0.055 
18-BTC-80A-124 1.81 0.15 18-BTC-80A-154 2.24 0.14 
18-BTC-80A-125 3.815 0.039 18-BTC-80A-155 2.38 0.12 
18-BTC-80A-126 2.992 0.056 18-BTC-80A-156 23.12 0.72 
18-BTC-80A-127 2.43 0.045 18-BTC-80A-157 18.26 0.9 
18-BTC-80A-128 6.63 0.33 18-BTC-80A-158 5.15 0.62 
18-BTC-80A-129 1.814 0.091 18-BTC-80A-159 4.46 0.13 
18-BTC-80A-130 1.97 0.19 18-BTC-80A-160 22.1 1.7 










Sample Date (Ma) Uncertainty (Ma) 
18STM008S1-S2_m01-bottom 1739 9.8 
18STM008S1-S2-m02_upper-right 1714 14.7 
18STM008S1-S2-m03-low-th-bot 1723 18.1 
18STM008S1-S2-m05-center 1708 27.3 
18STM008S1-S2-m06-center 1734 14.1 
18STM008S1-S2-m06-rim 1734 3.9 
18STM008S1-S2-m07-center 1714 14.6 
18STM008S1-S2-m07-rim 1725 6.6 
18STM008S1-S2-m09-center-high-Y 1735 7.8 
18STM008S1-S2-m10-center-high-Th 1723 22.9 
18STM008S1-S2-m11-low-Th-center 1719 1.9 
18STM008S1-S2-m011-center-high-Th 1741 18.7 
18STM008S1-S2-m11-rim 1724 6.1 
18STM008S1-S2-m13-center 1749 12.2 
18STM008S1-S2-m13-rim 1705 6.3 
18STM008S1-S2-m16-center 1732 30.7 
 
Sample PPM 
     
 
Ca K Si Sr P As 
18STM008S1-S2_m01-bottom 6819 93 1173 134 129550 828 
18STM008S1-S2-m02_upper-right 3825 148 713 72 129818 727 
18STM008S1-S2-m03-low-th-bot 4372 95 752 134 128872 723 
18STM008S1-S2-m05-center 4759 219 1379 161 129518 1408 
18STM008S1-S2-m06-center 5124 66 899 32 127808 960 
18STM008S1-S2-m06-rim 8628 506 564 237 129007 1256 
18STM008S1-S2-m07-center 4813 125 881 179 127516 511 
18STM008S1-S2-m07-rim 7918 441 839 198 128398 973 
18STM008S1-S2-m09-center-high-Y 7651 67 1815 171 128790 843 
18STM008S1-S2-m10-center-high-Th 6576 165 1249 242 129197 1555 
18STM008S1-S2-m11-low-Th-center 4246 52 792 36 129771 621 
18STM008S1-S2-m011-center-high-Th 7121 29 1582 56 128937 936 
18STM008S1-S2-m11-rim 8163 244 509 176 131657 964 
18STM008S1-S2-m13-center 4578 125 905 -2 131005 819 
18STM008S1-S2-m13-rim 8231 457 1326 75 130157 965 
Table 2. Monazite ages from field area.  Each age is the combination of 6 analyses of 
the same region in the monazite grain. Error is 1 sigma. 




Table 3a continued 
18STM008S1-S2-m16-center 6610 222 1290 47 126899 1632 
 
Sample Th U Y La Ce Pr 
18STM008S1-S2_m01-bottom 45648 3151 11416 106924 232886 26208 
18STM008S1-S2-m02_upper-right 24542 1644 8918 116351 253937 28093 
18STM008S1-S2-m03-low-th-bot 28191 2015 9627 114576 249260 27444 
18STM008S1-S2-m05-center 31786 1735 10200 112466 244901 27144 
18STM008S1-S2-m06-center 33806 2425 10500 112176 244628 27246 
18STM008S1-S2-m06-rim 41163 9455 13016 111643 230168 25064 
18STM008S1-S2-m07-center 32713 1852 9680 111660 245400 27302 
18STM008S1-S2-m07-rim 47311 3323 10439 114946 233872 25311 
18STM008S1-S2-m09-center-high-Y 56899 2298 9987 106432 232953 26124 
18STM008S1-S2-m10-center-high-Th 44656 2775 10803 106512 235802 26548 
18STM008S1-S2-m11-low-Th-center 28351 1480 9143 113729 252902 27951 
18STM008S1-S2-m011-center-high-Th 51199 2266 10363 105805 236005 26454 
18STM008S1-S2-m11-rim 39917 8291 12252 114840 238847 25986 
18STM008S1-S2-m13-center 30138 1801 9320 115219 251432 27546 
18STM008S1-S2-m13-rim 36947 10946 13057 113472 233242 25700 
18STM008S1-S2-m16-center 44931 2950 10851 108941 239549 26589 
Sample Nd Sm Eu Gd Tb Dy 
18STM008S1-S2_m01-bottom 111388 19360 4926 13968 922 5049 
18STM008S1-S2-m02_upper-right 116832 19044 4547 12553 571 4242 
18STM008S1-S2-m03-low-th-bot 114516 19189 4603 12918 818 4578 
18STM008S1-S2-m05-center 116926 19573 4478 13366 736 4410 
18STM008S1-S2-m06-center 115736 19678 4687 13539 495 4669 
18STM008S1-S2-m06-rim 105096 17216 3952 12578 602 5242 
18STM008S1-S2-m07-center 115425 19101 4640 13078 563 4447 
18STM008S1-S2-m07-rim 105496 16962 3569 11918 365 4328 
18STM008S1-S2-m09-center-high-Y 110456 18791 4309 13005 746 4433 
18STM008S1-S2-m10-center-high-Th 112613 19647 4605 13796 793 4801 
18STM008S1-S2-m11-low-Th-center 117594 19570 4609 12871 803 4519 
18STM008S1-S2-m011-center-high-Th 112674 19330 4551 13369 739 4844 
18STM008S1-S2-m11-rim 106656 17226 3711 12252 615 5099 
18STM008S1-S2-m13-center 116251 19203 4453 12880 492 4291 
18STM008S1-S2-m13-rim 105204 17276 3984 12582 727 5189 
18STM008S1-S2-m16-center 113233 19365 4634 13424 779 4949 
 





Sample Ho Er Tm Yb S Pb 
18STM008S1-S2_m01-bottom 446 773 392 231 94 4607 
18STM008S1-S2-m02_upper-right 408 702 44 3 71 2421 
18STM008S1-S2-m03-low-th-bot 140 770 267 -21 69 2840 
18STM008S1-S2-m05-center 310 768 151 -14 69 3011 
18STM008S1-S2-m06-center 455 432 -7 67 101 3427 
18STM008S1-S2-m06-rim 492 935 159 292 134 6080 
18STM008S1-S2-m07-center 296 813 -1 -44 75 3131 
18STM008S1-S2-m07-rim -41 673 51 62 64 4750 
18STM008S1-S2-m09-center-high-Y 255 645 -10 155 74 5252 
18STM008S1-S2-m10-center-high-Th 514 944 282 654 132 4374 
18STM008S1-S2-m11-low-Th-center 347 742 35 -114 72 2687 
18STM008S1-S2-m011-center-high-Th 82 706 229 150 75 4795 
18STM008S1-S2-m11-rim 412 951 153 156 115 5604 
18STM008S1-S2-m13-center 103 743 269 -55 55 2977 
18STM008S1-S2-m13-rim 457 947 65 210 128 6062 














Figure 3c. Remaining monazite chemical concentrations. 
